Defective production of adrenal steroids due to either primary adrenal failure or hypothalamic-pituitary impairment of the corticotrophic axis causes adrenal insufficiency. Depending on the etiologies of adrenal insufficiency, clinical manifestations may be severe or mild, have gradual or sudden onset, begin in infancy or childhood/adolescence. Adrenal crisis represents an endocrine emergency, and thus the rapid recognition and prompt therapy for adrenal crisis are critical for survival even before the diagnosis is made. The recognition of various disorders that cause adrenal insufficiency, either at a clinical or molecular level, often has implications for the management of the patient. Recent molecular-genetic analysis for the disorder that causes adrenal insufficiency gives valuable insights into the adrenal organogenesis, the regulation of steroid hormone biosynthesis, and the developmental and reproductive endocrinology. In this review we present the latest information on the molecular basis of adrenal insufficiency, with special emphasis on congenital lipoid adrenal hyperplasia, P450-oxidoreductase deficiency, and adrenal hypoplasia congenita. (Pediatr Res 57: 62R-69R, 2005) Abbreviations ABS, Antley-Bixler syndrome AHC, adrenal hypoplasia congenita AIRE, autoimmune regulator CAH, congenital adrenal hyperplasia DAX-1(NR0B1), dosage-sensitive sex reversal-adrenal hypoplasia congenita critical region on the X-chromosome, gene-1 P450scc, cholesterol desmolase (cholesterol side chain cleavage enzyme) POR, P450-oxidoreductase SF-1(NR5A1), steroidogenic factor-1 StAR, steroidogenic acute regulatory protein TPIT, T-box factor pituitary triple A syndrome, Achalasia-Addisonianism-Alacrima syndrome
The recognition of various disorders that cause adrenal insufficiency, either at a clinical or molecular level, often has implications for the management of the patient. Recent molecular-genetic analysis for the disorder that causes adrenal insufficiency gives valuable insights into adrenal organogenesis, regulation of steroid hormone biosynthesis, and the developmental and reproductive endocrinology.
In this review we present the latest knowledge on the molecular basis of adrenal insufficiency. We start with a brief overview of adrenal embryology and biochemistry and then discuss molecular pathogenesis of the disorders that cause adrenal insufficiency, with a special emphasis on congenital lipoid adrenal hyperplasia, POR deficiency, and adrenal hypoplasia congenita.
ANATOMY AND EMBRYOLOGY
The human adrenal gland is composed of two organs-the adrenal cortex and the adrenal medulla. The adrenal cortex is functionally defined by the presence of three distinct cell layers categorized by the expression of specific steroidogenic enzymes and the ability to respond to specific peptide hormones, outer zona glomerulosa, central zona fasciculata, and inner zona reticularis. The human fetal adrenal possesses a transient developmental zone between the functional cortical zones and the medulla-fetal zone.
Recent mouse and human genetic studies have begun to unravel the complex genetic cascade on the organogenesis of the human adrenal gland. The factors that regulate adrenocortical organogenesis and the maintenance of growth promotes or blocks a cascade of transcription factors that differentially coordinate the proliferation and differentiation of the adrenal gland. Important transcriptional factors required for organogenesis and the maintenance of growth of the adrenal cortex are shown in Figure 1 (1-7) . The human adrenal cortex appears at d 25 postconception as a blastema of undifferentiated cells of mesodermal origin from a condensation of coelomic epithelial cells on the urogenital ridge (8) . This condensation of coelomic epithelial cells on the urogenital ridge results also in the formation of the kidney and gonadal structures. After contact with primordial germ cells, the fetal adrenal (composed of fetal zone and definitive zone) and bipotential gonadal cells then separate. At approximately wk 8, the adrenal gland continues to develop as the neural crest cells that will ultimately become the adrenal medulla migrate to the center of the gland. During the second trimester, the fetal zone enlarges and becomes larger than the kidney. The fetal zone with expression of the steroidogenic enzymes produces dehydroepiandrosterone for placental conversion to estriol in the maternal circulation. Shortly after birth, this fetal zone shows involution and the process of adult-type cortical zonation from the thin definitive zone is initiated. The definitive zone starts differentiating into its glomerular and fascicular parts as early as embryonic wk 28. The zona reticularis does not appear until the end of y 3 of life. The triggers that initiate these changes remain unclear (9) . For survival and maintenance of the adrenal medulla, high concentrations of glucocorticoids from the adrenal cortex are required (10) .
WT1 is appreciated as a crucial gene that specifies kidney, gonadal, and adrenal cell lineages (4) . This dictates the specification of the metanephric kidney and adreno-gonadal primordium. Two transcription factors, SF-1 and DAX-1, play an important role for the development and differentiation of adreno-gonadal primordium that gives rise to the adrenal cortex and gonads (1, 2, 4, 7) . The bipotential gonad goes on to differentiation into a testis or ovary depending on the genetic sex and through the action of several transcription factors such as SRY, SOX9, AMH, SF-1, DAX-1, and WNT4 (1,2,5,7). As such, various transcriptional pathways by which it dictates adrenal gland development and maintenance are undoubtedly diverse. Ontogenic regulation of these critical developmental pathways is postulated to require cell-and time-dependent regulation of transcriptional factors, co-regulators, hormones, and downstream targets that remain disclosed.
BIOCHEMISTRY
The human adrenal cortex secretes three principal classes of steroid hormones: mineralocorticoids, glucocorticoids, and sex steroids. The biosynthesis of these hormones is initiated by the utilization of available free plasma cholesterol or stored pools of labile cholesterol. Most of its cholesterol comes from low density lipoproteins (LDL). The uptake of LDL-cholesterol by adrenal cells is promoted by ACTH. The conversion of cholesterol to the steroid molecule, pregnenolone, a precursor steroid, requires biochemical reactions, including StAR, hydroxylation of C20 and C22 of cholesterol, followed by cleavage of the 20␣ and 22 side chains of dihydroxycholesterol by a single enzyme, cholesterol desmolase (cytochrome P450 cholesterol side-chain cleavage enzyme, P450scc). This ratelimiting step also requires the transport of the electron by adrenodoxin reductase and adrenodoxin to P450scc for oxidation in the inner membrane of the adrenal mitochondria. Pregnenolone is then converted to mineralocorticoids, glucocorticoids, and sex steroids by a complex of biochemical events activated by enzymatic actions of 3␤-hydroxysteroid dehydrogenase, P450c17, P450c21, P450c11, and others. P450 oxidoreductase has an important role for electron transfer from NADPH to P450c17 and P450c21 and other microsomal P450 enzymes (11, 12) .
ETIOLOGIES OF ADRENAL INSUFFICIENCY
The various etiologies of adrenal insufficiency can be subgrouped into three categories: 1) impaired steroidogenesis, 2) adrenal dysgenesis/hypoplasia, and 3) adrenal destruction. Genetic causes of adrenal insufficiency are shown in Table 1 . Adrenal insufficiency of CAH, Wolman disease, Smith-LemliOpitz syndrome, and mitochondrial disorders can result from either enzymatic defects in steroidogenesis or cholesterol metabolism. POR deficiency was recently identified and classified as a new form of CAH that causes apparent combined P450c17 and P450c21 deficiency (13) (14) (15) . Adrenal hypoplasia congenita, mutations of SF-1 (16) , and ACTH insensitivity syndrome and ACTH deficiency can be all lead to adrenal dysgenesis/hypoplasia, albeit the latter of the two disorders usually result in isolated deficiency of glucocorticoids. Autoimmune polyglandular syndrome (APS), adrenoleukodystrophy (ALD) and nongenetic insults such as adrenal hemorrhage and infections can cause destruction of the adrenal gland.
Depending on the etiologies, adrenal crisis may occur in early infancy or symptoms of adrenal insufficiency may insidiously develop in childhood/adolescence. Acute adrenal crisis is more likely to occur if the child with undiagnosed chronic adrenal insufficiency is subjected to situations of major stress such as acute illness, surgery, and injury.
The leading causes of adrenal insufficiency today are congenital enzymatic defects for steroid biosynthesis.
CONGENITAL ADRENAL HYPERPLASIA
CAH is a group of diseases whose common features are an enzymatic defect in the steroidogenesis pathway. Patients with CAH frequently present symptoms due to glucocorticoid and mineralocorticoid deficiency. Additional clinical features may include ambiguous genitalia in girls and boys, hypertension, and XY sex reversal. The most frequent is 21-hydroxylase deficiency, accounting for more than 90% of cases (17) . Mutations or deletions of genes of P450scc or StAR, 3␤-hydroxysteroid dehydrogenase, 17␣-hydroxylase, and 11␤-hydroxylase also causes CAH. The mutations in POR, the 
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flavoprotein that donates electron to microsomal P450 enzymes, is also responsible for combined partial deficiency of 17␣-hydroxylase and 21-hydroxylase activities. Several excellent reviews for CAH are now available (11, 12, 17) . Thus, we discuss here the latest knowledge for molecular pathogenesis of lipoid CAH and P450 oxidoreductase deficiency.
LIPOID CAH
CAH-lipoid CAH is the most severe form-may be caused by mutations of StAR and P450scc genes (18, 19) . As P450scc and StAR are expressed in both adrenal and gonads, lipoid CAH disrupts the synthesis of all adrenal and gonadal steroids and leads to the accumulation of cholesterol esters. The true incidence of lipoid CAH is unknown, however, it is clearly much higher in Japanese, Korean, and Palestinian populations. It was long thought that lipoid CAH was caused by P450scc defects. However, StAR, which functions as a labile protein factor in steroidogenesis mediating cholesterol transport within mitochondria was identified as a cause of lipoid CAH instead of P450scc at first (18, 20, 21) , but recently two patients with P450scc gene mutations were found (19, 22) . Thus, both defects of StAR and P450scc may cause lipoid CAH, but mutations of StAR would account for most cases of lipoid CAH.
Affected individuals with lipoid CAH are phenotypically female and have severe salt wasting. Symptoms of adrenal insufficiency usually manifest during the neonatal and early infantile period. None of the patients with a 46, XY individual manifest any pubertal changes despite their chronological age. By contrast, patients with a 46, XX individual manifest secondary sexual characteristics with the development of breast tissue, pubic hair, and irregular menstruation (23) . Ovaries in postpubertal stage are enlarged with many cysts occupying the entire volume of the ovary and hypertrophied ovarian stroma. In contrast, ovaries in the prepubertal stage are normal size and there is no cystic change, indicating that ovarian steroidogenic tissues are spared to some extent the early and persistent stimulation that dooms the testicular and adrenal cortical cells to damage from cholesterol engorgement (20, 23) . The two-hit model of lipoid CAH for the pathogenesis is proposed and confirmed both by clinical observation and by studies with StAR knockout mice (20, 23, 24) . This model results from low initial levels of StAR-independent steroidogenesis (the first hit), leading to a complete loss of steroid hormones due to cellular destruction by accumulated lipids (the second hit) (20) .
So far, more than 34 different mutations in the StAR gene have been identified (18, 20, 21) . Among them, the Q258X in exon 7 is very common in Japanese and Korean population (over 80%), suggested by a Korean origin of the disorder in Japanese patients. Functional studies on StAR mutants protein demonstrated most of the mutations severely impaired StAR protein function. However, one missense mutation, M225T was shown to retain 43% of activity of the wild-type StAR protein (21) . The patient who was compound heterozygous for M225T and Q258X mutations showed adrenal insufficiency at 10 mo. The karyotype of this patient is 46, XY and external genitalia showed mild virilization. Thus, her clinical phenotype including genital virilization can be explained by the mild genotype of StAR gene as assessed in vitro.
Manifestations of two individuals with P450scc mutations were atypical for lipoid CAH. The first patient survived for 4 y without hormonal replacement and was diagnosed as having adrenal insufficiency by lethargy and hyperpigmentation (19) . Clitoromegaly and labial fusion were also found. The second patient was a 46, XX female patient (22) . She was followed by increased pigmentation at 3 mo of age, and diagnosed as having adrenal insufficiency at 7 mo of age by increased ACTH, inappropriately low cortisol, and elevated plasma renin activity. The mutation of P450sccc gene in the first patient was a heterozygous in-frame insertion of Gly and Asp, completely inactivating enzymatic activity. The second patient was a compound heterozygote for two mutations. One mutation was R355W that markedly reduced P450scc activity. Another mutation was A189V. This amino acid change did not affect the enzymatic activity, but created a novel alternative splice donor site, resulting in a deletion of 61 nucleotides in the open reading frame and thus partially inactivated enzymatic activity.
POR DEFICIECNY
POR deficiency is a new disorder of adrenal and gonadal steroidogenesis that affects all microsomal cytochrome P450 enzymes. The POR is flavoprotein that donates electrons to all microsomal forms of cytochrome P450 (13) . The mutations of POR cause partial deficiencies in steroid 17␣-hydroxylase, 17, 20 lyase, and 21-hydroxylase with and without ABS (OMIM 207410). ABS is characterized by craniosynostosis, radio/ humeral synostosis, ambiguous genitalia, and other congenital anomalies. In addition, some patients with ABS showed abnormal steroid hormone profiles of elevated serum 17-hydroxyprogesterone and low cortisol levels (25) (26) (27) . These endocrine findings have strongly suggested that there is a genetic defect of steroid biosynthesis in ABS. Mutations in the IgIII domain of the fibroblast growth factor receptor 2 (FGFR2) gene, also causing other craniosynostosis syndromes have been reported in some ABS patients, however, these patients with FGFR2 mutations do not have the steroidogenic abnormalities (25) (26) (27) . Finally, steroidogenic abnormalities in ABS are answered. Subsequent reports on clinical analysis in the patients with POR mutation characterized that these patients have normal-to-poor masculinization during fetal and pubertal periods in male patients, virilization during fetal life and poor pubertal development without worsening of virilization in female patients, and relatively large height gain and delayed bone age from the pubertal period in patients of both sexes, together with maternal virilization during pregnancy (14,15) However, the reason why POR mutations develop ABS phenotype and other clinical features is unknown. Microsomal P450 system is responsible for the metabolism of many exogenous products (toxins, drugs, and xenobiotics) and endogenous products such as steroids, fatty acids, and prostaglandins (11) . Retinoic acid, the active metabolite of vitamin A, is also metabolized by microsomal cytochrome P450, CYP26, and plays a key role in vertebrate embryo organogenesis (28) . It is known that an excess of retinoic acid induces craniofacial, heart, and limb defects (29) . Thus, it is plausible that POR mutations cause retinoic acid excess in embryos, resulting in skeletal abnormality. Other environmental teratogens metabolized by P450-POR system may be affected by reduced POR activity. It is interesting to note that POR denote electrons to the microsomal forms of cytochrome P450 such as P450c21, P450c17, P450c19, and P450c51. Thus, partial deficiency of these P450 enzymes caused by the mutation of POR may be responsible for the various clinical phenotypes of ABS with adrenal insufficiency (14, 15) . Among the mutations in the POR gene, R457H mutation is the most frequent in Japanese patients and a founder effect was suggested.
ADRENAL HYPOPLASIA CONGENITA
AHC is an inherited disorder that most often presents saltlosing adrenal crisis during the neonatal period or during childhood. This disorder can present as three clinical forms of primary adrenal insufficiency: 1) a sporadic form associated with pituitary hypoplasia, autosomal recessive form with TPIT gene mutation and genetic form of combined pituitary hormone deficiency; 2) an autosomal recessive form with a distinct miniature adult adrenal morphology, characterized by small glands with a permanent cortical zone but a diminished fetal zone; and 3) an X-linked cytomegalic form associated with hypogonadotropic hypogonadism and an X-linked form associated with glycerol kinase deficiency. Two major histologic types of congenital adrenal hypoplasia have been described in relation to fetal zone and definitive zone of fetal adrenal gland: the cytomegalic form and the miniature adult form. The miniature adult form of congenital adrenal hypoplasia is less common and is thought to be autosomal recessive because it has been reported in both male and female siblings. This form is characterized by miniature adult adrenal glands with a permanent cortical zone but a diminished fetal zone. The molecular basis of this form is still unclear.
X-LINKED AHC
The adrenal glands in this form lack the definitive zone of the adrenal cortex and are characterized by large vacuolated cells resembling fetal adrenocortical cells. It is called cytomegalic form. Hypogonadotropic hypogonadism (HHG) is a feature of this form. X-linked AHC also occurs as part of a contiguous deletion syndrome together with Duchenne muscular dystrophy and/or glycerol kinase deficiency.
DAX-1(NR0B1) gene mapped to Xp21 is responsible for X-linked AHC (2,30). DAX-1 gene consists of two exons separated by a 3.4 kb intron. DAX-1 encodes an orphan member of the nuclear hormone receptor super-family that lacks the typical zinc finger DNA-binding motif in the Nterminus but retains the ligand-binding domain in the Cterminus characteristics of other nuclear hormone receptor super-family. Instead of the zinc-finger domain, the N-terminal consists of three repeats of 65 to 67 amino acid motifs, each containing an LXXLL-related motif (31) . This motif was originally identified in the nuclear receptor co-activators and is crucial for interaction with nuclear receptors (32) .
As DAX-1 protein is expressed in the adrenal cortex, testis, ovary, anterior pituitary, and hypothalamus, DAX-1 is considered to play important roles for the development and function for not only adrenal but also the hypothalamic-pituitarygonadal axis (33) . This expression pattern accounts for the clinical features of this disorder.
65R MOLECULAR BASIS OF ADRENAL INSUFFICIENCY
It has been demonstrated that DAX-1 has a wide variety of functions. DAX-1 acts as transcriptional repressor for SF-1 and genes involved in steroid hormone metabolism (34 -36) . DAX-1 is also a nucleocytoplasmic shuttling protein associated with ribonucleoprotein structures in the nucleus and polyribosomes in the cytoplasm (37) . These findings suggest the regulatory function in the posttranscriptional process.
As mentioned, HHG is a characteristic feature of this disorder. Affected boys who reach postpubertal age will fail to undergo puberty, even if in early infancy the pituitary-gonadal axis may be intact (38, 39) . The cause of HHG is now considered to be a result of hypothalamic GnRH or pituitary LH and FSH defect or both. Spermatogenesis in this disorder is also affected. In our experience, long-term hCG treatment increased serum testosterone levels, but evidence of spermatogenesis was not obtained by hCG-HMG administration (40) . Testicular biopsy revealed Sertoli cell hypoplasia, no sperm formation, and Leydig cell hyperplasia. These findings are consistent with other reports (41, 42) . In Ahch (the mouse DAX-1 homologue) knockout mice, spermatogenesis was impaired (43) . Furthermore, Sertoli cell-specific expression of human DAX-1 transgene in Ahch knockout mice could restore fertility to some degree (44) , suggesting that DAX-1 may be critical for spermatogenesis in Sertoli cells.
To date, gene deletions and more than 80 different mutations of the DAX-1, including frameshift, nonsense, and missense mutations, have been identified in human with X-linked AHC (30,40 -42,45-49) . The majority of the mutations are frameshift and nonsense mutations, being distributed throughout the DAX-1 coding region. Seventeen missense mutations are now identified and located only in the C-terminal putative ligand binding domain, and these missense mutations have been reported to impair the transcriptional repression activity (40,43,49 -52) . One missense mutation (L466R), which is located in the activation function 2 (AF2) core of a highly conserved region in the C-terminus, was shown to be defective in nuclear localization in spite of having an intact N-terminus and to impair the repression activity of DAX-1 (31) . It has been also observed that several mutants from patients with AHC cannot localize into the nucleus, and thus this would partly explain the loss of function (53, 54) .
In this disorder, there is a phenotypic heterogeneity in both adrenal failure and HHG. Clinical presentation of adrenal insufficiency is recognized to be variable even within a family. Several boys showed adrenal crisis in infancy, but others had an insidious progress of adrenal insufficiency during childhood/adolescence (30, 43, 47, 50, 52) . Regarding HHG, some patients showed spontaneous puberty (40, 42, 43, 55) . One may consider the phenotype-genotype correlation like other genetic disorders. To evaluate the relation between clinical severity of adrenal insufficiency and HHG, we constructed the expression vector of mutant DAX-1 of Y91X, V269D, Y271X, L278R, W291C, K382N, Q395X, and L466R from patients and analyzed the inhibition activity to promoter of StAR and LH␤ genes (40) . The wild-type DAX-1 suppressed the activation of SF-1-mediated StAR gene promoter and SF-1/Egr-1-mediated LH␤ gene promoter, but each of the DAX-1 mutants could not repress these activations. However, the degree of transcriptional inhibition was not related to the onset of adrenal insufficiency and spontaneous development of puberty. Several studies also demonstrated that there was no clear correlation among clinical phenotype, genotype, and abolishment of transcription inhibitory activity in vitro (49, 52) . However, I493S possessing intermediate levels of repressor activity of DAX-1 have been reported to cause mild adrenal insufficiency and spontaneous puberty (42) . As DAX-1 has a wide variety of functions at multilevel and developmental stages, other genetic and epigenetic factors may modify the phenotype, in addition to the genotype of DAX-1.
SF-1-LINKED AHC
SF-1 is an orphan nuclear receptor involved in the regulation of steroidogenesis, reproduction, and male sexual differentiation. The targeted disruption of this gene in mice results in adrenal and gonadal aplasia and XY sex reversal in homozygotes (1). In humans, six cases with SF-1 mutations have been reported. Human phenotype is suggested to be different from mice phenotype. Only three cases manifested adrenal insufficiency, implying that SF-1 mutations are not likely to account for many cases of inherited adrenocortical insufficiency. At first, neonatal primary adrenal failure and XY sex reversal has been described as phenotypically female, due to a heterogeneous 2-bp mutation in the DNA binding domain of SF-1 (16) . The adrenal morphology in this case remains unknown. In the second case, the patient was 46, XX prepubertal phenotypically normal female with adrenal insufficiency. She was homozygous for a missense mutation in the A box. Heterozygous relatives of this proband had normal adrenal function. The third case is a 46, XY infant homozygous for a R92Q mutation, who showed both adrenal insufficiency and sex reversal. Three other cases with heterozygous either deletion or nonsense mutation did not present adrenal insufficiency, showing only ambiguous genitalia.
IMAGE SYNDROME
This syndrome is characterized by intrauterine growth retardation, metaphyseal dysplasia, adrenal hypoplasia congenita, and genital anomalies. DNA sequence analysis found no mutations in the coding regions of either DAX-1 or SF-1. This suggests IMAGe syndrome results from a novel gene that plays important roles in the development of bone, the adrenal cortex, and the anterior pituitary (56) .
ACTH DEFICIENCY
Congenital isolated ACTH deficiency (IAD) is a rare inherited disorder that is clinically and genetically heterogeneous. Patients are characterized by low or absent cortisol production secondary to low plasma ACTH despite normal secretory indices of other pituitary hormones and the absence of structural pituitary defects. Onset may occur in the neonatal period, but may first be observed in later children. Candidate genes for ACTH deficiency include POMC, PC1, CRH, and its receptor (CRH-R1) (57,58). However, mutations in these genes have not been reported to be associated with IAD. Linkage of the 66R FUJIEDA AND TAJIMA CRH gene locus to IAD has been observed in one family, no mutations in this gene or its receptor have been described in humans, implying that other genes/pathways must be involved in this disease. The differentiation of pituitary cell types during embryonic development is regulated by the combined action of a subset of tissue-and cell-restricted transcription factors (59, 60) . Two such factors have been reported in the POMCexpressing lineages of the pituitary, NeuroD1 and TPIT. NeuroD1 contributes to cell-specific transcription of the POMC gene in corticotroph cells and is required for early corticotroph differentiation. Defects in NeuroD1 are a cause of maturity onset diabetes of the young. TPIT is a member of the T-box gene family, the defining feature of which is a region of conserved DNA sequence (the T-box) that encodes a DNA binding domain. TPIT is a highly cell-restricted transcription factor that is required for expression of the pro-opiomelanocortin (POMC) gene and for the terminal differentiation of the pituitary corticotroph lineage (60) . TPIT expression is restricted to the two pituitary POMC-expressing lineages in mice, the corticotrophs and melanotrophs. TPIT deficiency is likely to only affect pituitary POMC production directly. The mutations in the TPIT gene are associated at high frequency with early onset IAD, but not with late-onset IAD (61) . This congenital early-onset IAD is caused by recessive transmission of loss-of-function mutations in the TPIT gene. Neonatal hypoglycemia was the major reason leading to diagnosis of ACTH deficiency. They had very similar clinical presentations that included severe plasma ACTH and cortisol deficits, episodes of sudden and severe hypoglycemia sometimes associated with seizures, episodes of prolonged neonatal cholestatic jaundice, and neonatal death when untreated. No phenotypic differences between early-onset IAD cases with and without mutations were apparent. The finding that no late-onset patients have mutations in TPIT is highly suggestive of the involvement of at least one other gene in this disorder. Most human cases of congenital ACTH deficiency involve other deficiencies such as in combined pituitary hormone deficiencies (59) . Two cases of ACTH deficiency associated with severe obesity and red hair pigmentation have been linked to POMC gene anomalies (57) . One case of ACTH deficiency with gonadotroph deficiency, severe obesity, and glycoregulation anomalies was described to a PC1 gene mutation (58) .
ACTH INSENSITIVITY SYNDROME
ACTH insensitivity results from a group of rare autosomal recessive genetic defects (62) . Familial glucocorticoid deficiency is one of these syndromes in which about half of all cases have inactivating mutations of the MC2 (ACTH) receptor (63) . Another rare syndrome of ACTH resistance is known as Triple A syndrome or Allgrove syndrome.
FAMLIAL GLUCOCORTICOID DEFICIENCY
The MC2R is a member of the G protein-coupled receptor superfamily that mediates the effects of ACTH on the adrenal cortex. Patients with familial glucocorticoid deficiency usually present early with typical symptoms of only cortisol deficiency such as weakness, hypoglycemia, and hyperpigmentation. Histologically, the zonae fasciculate/reticularis are almost completely atrophied, where the zona glomerulosa appears intact. A number of mutations of the MC2R gene have been identified in some of these patients, but not all (63) . The remaining 60% of patients with this syndrome have defects in one or more other as yet unidentified genes that are unlinked to the MC2R receptor. Segregation studies exclude linkage to the ACTH receptor region in several kindred. This demonstration of genetic heterogeneity suggests that two distinct forms of FGD are likely to exist. Recently, a gene encoding a new interacting partner of the ACTH receptor was identified to be responsible for familal glucocorticoid deficiency type 2 (64).
TRIPLE A OR ALLGROVE SYNDROME
This rare condition is associated with the triad of adrenal insufficiency due to ACTH resistance, achalasia of the cardia, and alacrima. Other features include autonomic and/or peripheral neuropathy. Recently, the responsible gene for the triple A syndrome was cloned (AAAS gene) (65) . The AAAS gene encodes a 546 amino acid protein called ALADIN (AlacrimaAchalasia-aDrenal Insufficiency Neurologic disorder) and contains four WD repeat motifs. The mutations in the AAAS gene were identified only in the patients with this syndrome but not in the patients with isolated ACTH resistance. There is significant clinical variability between patients with the same AAAS defect (66) . ALADIN may be important for a cell type-specific role in regulating nucleocytoplasmic transport nuclear pore complexes (67) , but the exact mechanism causing variable symptoms has not been clarified.
AUTOIMMUNE ADRENAL FAILURE
Autoimmune destruction of the adrenal glands remains the primary etiological mechanism of adrenal failure in the Western population. However, this condition is quite rare in other populations, such as the Japanese, implying there is a difference in susceptibility for this condition among the races.
Addison disease is a prototype of primary acquired adrenal insufficiency. In the early part of the century, tuberculous adrenalitis was the most prevalent cause of adrenal insufficiency. In more recent years, 80 -90% of patients with Addison disease have autoimmune adrenalitis, which can occur as either a clinically isolated form or in association with other autoimmune polyglandular syndrome (APS) type 1 and type 2 (68, 69) . APS type 1, also termed autoimmune polyendocrinopathy candidiasis ectodermal dystrophy (APECED) arises in up to 15% of patients with autoimmune adrenalitis. This is a monogenic disorder with autosomal recessive inheritance, affecting both sexes with equal prevalence. It is relatively common in the Finnish population and Iranian Jews.
Patients with APECED usually develop within their childhood and teenage years. Usually the first sign of the syndrome is chronic Candida infection, followed by autoimmune hypoparathyroidism and adrenal insufficiency. At least two of these three major components need to be present for diagnosis. Other features in APS1 include type1 diabetes, primary gonadal failure, pernicious anemia, chronic active hepatitis and hypothyroidism. Hypoparathyroidism, appearing within the first 67R MOLECULAR BASIS OF ADRENAL INSUFFICIENCY decade of life, is the most frequent, and sometimes the only endocrine disease seen in APECED patients. Hypoparathyroidism is often followed by adrenocortical insufficiency, with an age at onset of about 11-15 y.
This disorder is caused by mutations in the AIRE gene (70, 71) , which encodes a 545 amino acid protein that has two plant homeodomain (PHD)-type zinc-finger motifs. More than 50 different mutations have been described in patients who have APS1, and the defects include nonsense and missense mutations, small insertions and deletions that lead to frameshift, and splice mutations. Recent knockout mice study demonstrated that AIRE is important for autoimmunity by regulating the transcription of peripheral tissue-restricted antigens in thymic medullary epithelial cells (72) . Immunologically, the main finding in APECED patients is the presence of autoantibodies against the affected organs, including those against steroidogenic enzymes such as P450scc, P450c17, and P450c21 in patients with adrenal insufficiency, glutamic acid decarboxylase in patients with diabetes and the enzymes aromatic L-amino acid decarboxylase and P4501A2 in patients with liver disease (73, 74) .
The autoimmune polyendocrinopathy type 2 (APS2, Schmidt) syndrome is the association of adrenal failure with autoimmune thyroid disease and/or type 1 diabetes, This has a predilection for middle-aged females, with an average age of onset between 35 and 40 y. The genetic basis of isolated autoimmune adrenalitis and APS2 has been less clearly defined.
PERSPECTIVES
The genetic approach in humans has allowed progress in the understanding of the mechanism of adrenal diseases. Many questions remain, however. What is the exact mechanism of the adrenal zonation? Is there any stem cell reproducing all cortical cells in three different zones? What genes or pathways can trigger the fetal adrenal degradation and the development for adult adrenal cortex? What is the mechanism by which the defective AIRE gene causes an aberrant immune response? In the near future, there is little doubt that these questions will be solved. This, in turn, could provide useful tools for the development new therapeutic strategies for long-term management of adrenal diseases.
